Although various ontologies and knowledge sources have been developed in recent years to facilitate biomedical research, it is difficult to assimilate information from multiple knowledge sources. To enable researchers to easily gain understanding of a biomedical concept, a biomedical Semantic Web that seamlessly integrates knowledge from biomedical ontologies, publications and patents would be very helpful. In this paper, current research efforts in representing biomedical knowledge in Semantic Web languages are surveyed. Techniques are presented for information retrieval and knowledge discovery from the Semantic Web that extend traditional keyword search and database querying techniques. Finally, some of the challenges that have to be addressed to make the vision of a biomedical Semantic Web a reality are discussed.
INTRODUCTION
Currently the World-Wide Web has a huge amount of data and is obviously a reliable source of information for many topics. However since there is not much semantics associated with the data in the WWW, the information cannot be processed by autonomous computer agents and is only understandable to humans. The Semantic Web 1 is a vision of the next generation World-Wide Web in which data from multiple sources described with rich semantics are integrated to enable processing by humans as well as software agents. One of the goals of Semantic Web research is to incorporate most of the knowledge of a domain in an ontology that can be shared by many applications. Ontologies organise information of a domain into taxonomies of concepts, each with their attributes, and describe relationships between concepts.
At present the field of biology also faces the problem of the presence of a large amount of data without any associated semantics. Therefore, biologists currently waste a lot of time and effort in searching for all of the available information about each small area of research. This is hampered further by the wide variations in terminology that may be in common usage at any given time, and that inhibit effective searching by computers as well as people.
In recent years, to facilitate biomedical research, various ontologies and knowledge bases have been developed. For example the Gene Ontology (GO) 2 project is a collaborative effort to address the need for consistent descriptions of gene products in different databases. Another widely used system has been developed by the United States National Library of Medicine called the Unified Medical Language System (UMLS) 3 which is a consolidated repository of medical terms and their relationships, spread across multiple languages and disciplines (chemistry, biology, etc). Moreover, several specialised databases for various aspects of biology have been developed. For example, the UniProt/Swiss-Prot Knowledge base 4 is an annotated protein sequence database.
Biomedical information is growing explosively and new and useful results are appearing every day in research publications. The unstructured nature of the biomedical publications makes it difficult to utilise automated techniques to extract knowledge from these sources. Therefore the ontologies have to be augmented manually. However, because of the very large amount of data being generated, it is difficult to have human curators extract all this information and keep the ontologies up to date.
Semantic Web
If a researcher has to gain an understanding of a biological concept, they have to determine all the relevant ontologies and databases and utilise them to find all the semantic relationships and synonyms for the concept. They also have to search the research literature to understand the latest research on the topic. Patent databases also need to be searched to determine relevant patents. Obviously, this is a time-consuming task.
To alleviate the problems of biomedical information retrieval and knowledge discovery, a Semantic Web that integrates knowledge from various biomedical ontologies as well as relevant publications and patents will be very useful. Novel techniques can be utilised for effectively retrieving information and discovering hidden and implicit knowledge from the Semantic Web. Our vision is that distributed web servers would store the 'meaning' of biological concepts as well as relationships between them. This will enable researchers to easily gain an understanding about any biological concept and also potentially discover hidden knowledge. This paper first introduces the Semantic Web languages and discusses current efforts to represent biomedical knowledge in these languages. The techniques that have been developed to effectively retrieve information from the Semantic Web are then explained. Finally, a discussion is given on some of the main research challenges that need to be addressed to develop a Semantic Web storing all the biomedical information, as well as to effectively retrieve information and discover knowledge from this web. Two important properties defined in RDFS are subClassOf and subPropertyOf. Two other important concepts are domain and range; these apply to properties and must be valued by classes. They restrict the set of resources that may have a given property (the property's domain) and the set of valid values for a property (its range). A property may have as many values for domain as needed, but no more than one value for range. For a triple to be valid, the type of the object must be the range class and the type of the subject must be one of the domain classes.
SEMANTIC WEB LANGUAGES RDF and RDFS
RDFS allows inference of new triples based on several simple rules. Some of the important rules are:
That is, if a property is a subPropertyOf another property and if triple exists for the first property, then one can also infer a triple for the second property with the same subject and object.
• Figure 1 shows a section of an example RDF file describing a biomedical Semantic Web. The first line of the RDF document is the XML declaration. The XML declaration is followed by the root element of RDF documents: rdf:RDF. The xmlns:rdf namespace specifies that elements with the rdf prefix are from the namespace http://www.w3.org/1999/02/ 22-rdf-syntax-ns# which defines RDF. Similarly the xmlns:rdfs namespace and a local namespace for the biomedical Semantic Web (xmlns:bioMed) are defined.
The example then shows the specification of a Virus with URI http:// www.biomed.org/semWeb#Virus. The rdf:Description element contains the description of the resource identified by the rdf:about attribute. The rdf:type property is used to specify that the resource is a rdfs:Class. Then the rdfs:label specifies the literal 'Virus' as the label of the class. The Virus is defined to be a subClassOf Organism. Next a property is defined with URI http://www.biomed.org/ semWeb#causes. The type is rdf:Property and it has the label 'causes'. Finally a resource with URI http:// www.biomed.org/semWeb/hiv and label HIV is defined. It is an instance of the class Virus. By RDFS rules one can also infer that this resource is of class Organism. A RDF statement is also used to specify that HIV causes AIDS. 
OWL

Ontologies
To efficiently represent ontologies in the Semantic Web several ontology representation languages have been proposed including DARPA Agent Markup Language (DAML) and Ontology Inference Layer (OIL). DAML and OIL were merged to create DAML+OIL, 7 which evolved into OWL (Web Ontology Language). 8 OWL is built on top of RDF schema and allows more details to be added to resources. While RDFS provides properties, such as subClassOf and subPropertyOf, that define relationship between two classes or properties, OWL can add additional characteristics that are not defined within RDFS. Thus, OWL can define a class to be the unionOf two other classes or the complementOf another class. For example one can define an Animal class to be the unionOf Vertebrate and Invertebrate class. Similarly OWL can specify that a property is inverseOf another property or a property is a transitiveProperty. Moreover, while RDFS imposes fairly loose constraints on the data model, OWL adds additional constraints that increase the accuracy of implementations of a given model. For example, in OWL it is possible to add existence or cardinality constraints. Thus, it is possible to specify that all instances of vertebrates have a vertebra, or that hearts have exactly four valves.
TOWARDS A BIOMEDICAL SEMANTIC WEB Representing biomedical ontologies in Semantic Web languages
In recent years researchers have endeavoured to represent existing biomedical knowledge bases in Semantic Web languages. For example, the Gene Ontology has been represented using DAML+OIL 9 as well as OWL. 10 Figure 2 shows how a Gene Ontology term is represented as an OWL class in reference 10. The Gene Ontology Id is used as the rdf Id while the name, synonym and definition of the term are represented by properties. The parent of the term (specified by the GO isa relation) is specified using the rdfs subClassOf property. The GO part_of relation is specified using the part_of property along with additional constraints provided by owl:Restriction. The restriction states that at least one of the part_of properties of an instance GO_0001303 must point to an instance of GO_0001302. That is, an instance of GO_0001303 must be a part Kashyap and Borgida 11 describe the representation of the UMLS semantic network in OWL. The semantic network has 135 biomedical semantic classes such as Gene or Genome and Amino Acid, Peptide or Protein. The semantic classes are linked by a set of 54 semantic relationships (such as prevents, causes). One important property is the isa property that creates an ISA hierarchy for both classes and properties. In Kashyap and Borgida 11 the classes are represented as OWL classes and the properties (except the isa property) as OWL properties. A statement is created to represent each relationship among the classes. The isa relationship is represented by subClassOf relationship if it is between classes and subPropertyOf relationship if it is between properties. Thus the class Virus is a subClassOf of Organism and the property part_of is a subPropertyOf physically_related_to.
Kashyap and Borgida 11 discovered that representing the semantic network in OWL was not trivial. Problems arose owing to the inability to express the semantic network as OWL axioms that would provide the desired inferences as well as the difficulty of making choices between multiple possible representations. Ambiguities of the semantic network notation were also a problem. For example, the following are two scenarios where it was difficult to represent the semantic network knowledge in OWL:
• Multiple interpretations of a link. The semantic network will have the triple ,Bacteria cause Infection.. There are several possible interpretations of this relations including 'All bacteria cause some infection' or 'Some bacteria cause all infections'. One has to determine the correct interpretation and represent that formally using OWL.
• Inheritance blocking. The semantic network will have the triple ,BiologicFunction process_of Organism.. Based on OWL inheritance rules, we have to infer the triple ,MentalProcess process_of Plant.. This is not correct and this inheritance-based inference has to be blocked.
These problems indicate that the process of representing ontologies formally using the Semantic Web languages is not easy and it must be ensured that wrong knowledge is not inferred due to incorrect representation. Although for the UMLS semantic network that problems are multiplied because it does not have a formal semantics, even for ontologies with equivalent translations to OWL, questions related to expressibility and intended modelling semantics, among others, still remain.
Biomedical information integration
Various ontologies have been developed in recent years focusing on different aspects of biomedicine. There are overlaps between these ontologies and the same concept may be expressed using different terminologies in two different ontologies. To avoid redundant information in the Semantic Web and prevent problems due to differences in the naming convention, efficient techniques of merging ontologies needs to be developed. • ,patentA refers_to patentB.
(patentA refers to patentB);
• ,inventorC invented patentD.
(inventorC has invented patentD);
• ,assigneeE assigned patentF.
(patentF is assigned to assigneeE);
• ,patentG has_term bioTermH.
(patentG has the UMLS concept bioTermH; the UMLS concepts in the patents are determined using information extraction techniques);
• ,bioTermH type bioClassI. (the UMLS concept is of type UMLS semantic network class bioClassI).
INFORMATION RETRIEVAL FROM THE SEMANTIC WEB
Depending on the user requirements, various techniques can be utilised for information retrieval from the Semantic Web based on different views of the underlying information space. Some of these techniques are discussed in this section.
Keyword and semantic search
Like WWW, keyword search can be utilised to retrieve information from the Semantic Web. All Semantic Web resources having the query keywords in any of their triples can be retrieved. Since the Semantic Web languages are represented in XML, a XML search engine can also be utilised to enable searching on the XML tags. One key advantage of the Semantic Web is that it will enable semantic search. For example, Guha et al. 18 showed how a Semantic Web can be used to augment a traditional WWW keyword search. Similarly, a biomedical Semantic Web can be used to augment a search on PubMed. Thus, if we search Pubmed with the keywords 'Nucleic acid', the Semantic Web can be used to determine that the keywords are a biomedical class and retrieve documents not only containing the query keywords but also documents that contain biological terms that belong to the class 'Nucleic acid'. This will for example retrieve documents with mRNA which is a nucleic acid. Similarly a query to retrieve publications about tumours of the frontal lobe can also return papers about glioma located in the precentral gyrus, exploiting the Semantic Web to understand that glioma is a kind of tumour and precentral gyrus is a part of the frontal lobe. On the other hand, for ambiguous query terms such as cold (disease or temperature), one can determine the correct sense utilising the Semantic Web as well as the query context. Thus, based on the Semantic Web the search engine can widen or narrow the query into concepts that are substantially related to the terms that the user has asked for.
The Semantic Web can also be used to augment the results of a keyword search. For example, for a search with the Information retrieval keyword Cephalosporin, besides showing the relevant patents, all the information about cephalosporin available in the Semantic Web (for example, information from the ontologies about the antibiotic, companies assigned patents on the antibiotic, other antibiotics that are similar, etc) can be shown to the user.
Semantic web query languages
Various languages have been proposed in recent years for querying the Semantic Web RDF data. Examples include RQL, 19 SquishQL, 20 TRIPLE 21 and RDQL. 22 Most of these query languages use a SQL-like declarative syntax to query a Semantic Web as a set of RDF triples. As an example, let us assume that in a biomedical patent Semantic Web we want to find inventor and assignee pairs who have a patent which has a term belonging to the UMLS class Molecular_Function. The query will be expressed in RDQL as follows: All inventors and assignees that match the query criteria will be returned. A big advantage of these query languages is that they incorporate inference as part of query answering. Thus during querying additional triples are created on-demand using inference. For example, if the triples (c1 rdfs:subClassOf c2) and (r1 rdf:type c1) are present, it can be automatically inferred that (r1 rdf:type c2) also exists (based on a RDFS rule). Thus for the above query all patents that have terms of the class Genetic_Function will also be retrieved since Genetic_Function is a subclass of Molecular_Function.
Semantic associations
The RDF query languages allow the discovery of all resources that are linked to a particular resource by an ordered set of specific relationships. For example, one can query a Semantic Web to find all resources that are linked to resource r 1 by the properties p 1 followed by p 2 . Another option is to determine all the paths between resources r 1 and r 2 that are of length n. However, none of the query languages allows queries such as 'How are resources r 1 and r 2 related?' without any specification of the type of the properties or the length of the path. It is also not possible to determine relationships specified by undirected paths between two resources.
In the biomedical Semantic Web discovering arbitrary relationships between resources is essential to discover hidden non-obvious knowledge. For example, one may wish to discover whether there is any association between a gene and a disease. In order to determine any arbitrary relationships among resources, Anyanwu and Sheth introduced the notion of semantic associations based on r-queries. • Two resources r 1 and r 2 are r-pathassociated if there is a direct path from r 1 to r 2 or r 2 to r 1 in the Semantic Web graph. For example, in the example graph shown in Figure 3 , resources (r 4 ,r 9 ) and (r 5 ,r 8 ) are r-path-associated.
• Two directed paths in the Semantic Web graph are said to be joined if they have at least one vertex in common. The common vertex is the join node. For example, the directed paths from r 4 to r 9 and r 8 to r 5 are joined with the common vertex r 6 . Two resources r 1 and r 2 are r-join-associated if there are joined paths p 1 and p 1 and either of these two conditions is satisfied: (i) r 1 is the origin of p 1 and r 2 is the origin of p 2 and (ii) r 1 is the terminus of p 1 and r 2 is the terminus of p 2 . Thus in Figure  3 (r 4 ,r 8 ) and (r 5 ,r 9 ) are sets of r-joinassociated resources.
• Two resources r 1 and r 2 are r-cpassociated if they belong to the same class or classes that have a common ancestor. To prevent meaningless associations (such as all resources belong to RDF:Resource), one can specify a strong r-cp-associated relation which is true if either of these two conditions are also satisfied: (i) the maximum path length from the resources to the common ancestor is below a threshold and (ii) the common ancestor is a subclass of a set of user-specified general classes called the ceiling.
• Two directed paths of length n in the Semantic Web graph P and Q are isomorphic if: (i) they represent the properties p 1 , p 2 , . . ., p n and q 1 , q 2 , . . ., q n respectively; and (ii) 8i,
Here & represents the subPropertyOf relation. Two resources are r-isoassociated if they are the origins of isomorphic paths. For example, in Figure 3 if
, r 1 and r 10 are r-iso-associated.
Two resources are said to be semantically associated if they are either rpath-associated or r-join-associated or r-cpassociated or r-iso-associated. Determining semantic associations between entities may lead to the discovery of non-obvious and unexpected relationships between the entities and thus enable the researchers to gain new insights about the knowledge space.
In Mukherjea et al. 17 semantic associations were utilised to determine arbitrary relationships between resources in a biomedical patent Semantic Web. As an example Figure 4 shows the join associations between two companies Pfizer and Ranbaxy. The paths from the companies to the join nodes in the Semantic Web graph are displayed. It shows that the companies are related based on patents assigned to them as well as biomedical concepts in those patents. For example Ranbaxy is assigned a patent 6673369 which refers to the patent 
Determining similarity in the Semantic Web
Several techniques have been developed to determine the similarity between terms in ontologies. Information-theoretic approaches for determining the similarity has been found to be very effective. For example, Resnik 24 proposed a method to determine the similarity between two terms in a taxonomy based on the amount of information they share in common. Let p t be the probability of encountering a term t or a child of the term in the taxonomy. Although Resnik considered a child term by only considering is-a links, it can be extended to links of all types. p t is monotonic as one moves up the taxonomy and will approach 1 for the root. The principle of information theory defines the information content of a term as -ln(p t ).
Given two terms t 1 and t 2 in the taxonomy, let p min be the minimum probability among their common ancestors. Since the amount of information shared by a term can be determined from the ancestor with the maximum information content, Resnik defined the similarity between the terms to be -ln(p min ). The value of this metric can vary between 0 (for very dissimilar terms) and infinity. Lin 25 refined the similarity measure so that it can vary between 0 and 1 as follows:
These measures have been utilised to find similarity among proteins defined in UniProt/Swiss-Prot 26 and genes in Saccharomyces Genome Database. 27 The Gene Ontology terms associated with the genes and the proteins are determined and the similarity between those terms is used to calculate the similarity between the corresponding genes or proteins. While Resnik's approach of determining similarity is based on how ontology nodes are generally populated, a different approach is utilised in the Gene Ontology Categoriser. 28 In this system the bio-ontologies are viewed more as combinatorially structured databases than facilities for logical inference and the discrete mathematics of finite partially ordered sets (posets) is utilised to develop data representation and algorithms appropriate for such ontologies. The objective of this system is to determine the best nodes of the Gene Ontology that summarise or categorise a given list of genes. The system determines how the genes are organised with respect to the ontology. It discovers whether they are centralised, dispersed or grouped in one or more clusters. With respect to the biological functions which make up the GO, the system tries to determine whether the genes represent a collection of more general or more specific functions, a coherent collection of functions or distinct functions.
Although identifying resources similar to a given Semantic Web resource is an unexplored research area, some of the above techniques may be modified to determine the similarity between Semantic Web resources. This would be useful, for example, to determine biomedical entities that are similar in the Semantic Web.
CONCLUSION AND FUTURE WORK
This paper has given an introduction to the exciting possibilities of a biomedical Semantic Web. It has briefly described some of the current efforts in representing biomedical ontologies and knowledge bases in Semantic Web languages and integrating multiple biomedical knowledge sources to create Semantic Webs. Information retrieval techniques for the Semantic Web that extend traditional keyword search and database querying techniques have also been explained.
However, although the vision of the biomedical Semantic Web is really grandiose, at present mostly 'toy' Semantic Webs have been developed which have limited usefulness in the real world. There are various research issues that need to be addressed in the future to make the vision of a biomedical Semantic Web a reality.
The first challenge is to develop the biomedical Semantic Web that stores most if not all of the biomedical knowledge. Since the biomedical ontologies are not up to date, data from the research publications have to be integrated into the biomedical Semantic Web. Obviously it is not possible to manually enrich the Semantic Web from the research literature. However, automatic extraction of useful information from online biomedical literature is a challenging problem because these documents are expressed in a natural language form. The first task is to recognise and classify the biological entities in the scientific text. After the biological entities are recognised, the next task is to identify the relations between these entities. Hirshman et al. 29 give a good overview of the accomplishments and challenges in text mining of biomedical research publications.
Another area of concern is that although the information retrieval techniques for the Semantic Web seem to have a lot of potential, most of them are basically research prototypes and there is not much evidence of their success. Therefore the techniques need to be tested on a real-world Semantic Web. Based on experiments and user studies, the techniques may need to be modified or even new techniques discovered that enable users to effectively retrieve information and discover hidden knowledge from the Semantic Web.
The other major challenge is scalability. A biomedical Semantic Web that is really commercially useful will need to store a large amount of information from multiples ontologies as well as research publications and patents. Information retrieval techniques like the inference engine during Semantic Web querying as well as graph-theoretic algorithms to determine semantic associations may not work for such a large amount of data. Moreover, all the data may not be located centrally but distributed over a number of agencies and their databases. Therefore distributed algorithms may need to be developed.
Hopefully, with effective solutions to these research challenges, the vision of a biomedical Semantic Web will be realised in the near future.
